Although the importance of the nonuniform progression of elongation in translation is well recognized, there have been few attempts to explore this process by directly profiling nascent polypeptides, the relevant intermediates of translation. Such approaches will be essential to complement other approaches, including ribosome profiling, which is extremely powerful but indirect with respect to the actual translation processes. Here, we use the nascent polypeptide's chemical trait of having a covalently attached tRNA moiety to detect translation intermediates. In a case study, Escherichia coli SecA was shown to undergo nascent polypeptide-dependent translational pauses. We then carried out integrated in vivo and in vitro nascent chain profiling (iNP) to characterize 1,038 proteome members of E. coli that were encoded by the first quarter of the chromosome with respect to their propensities to accumulate polypeptidyl-tRNA intermediates. A majority of them indeed undergo single or multiple pauses, some occurring only in vitro, some occurring only in vivo, and some occurring both in vivo and in vitro. Thus, translational pausing can be intrinsically robust, subject to in vivo alleviation, or require in vivo reinforcement. Cytosolic and membrane proteins tend to experience different classes of pauses; membrane proteins often pause multiple times in vivo. We also note that the solubility of cytosolic proteins correlates with certain categories of pausing. Translational pausing is widespread and diverse in nature.
Although the importance of the nonuniform progression of elongation in translation is well recognized, there have been few attempts to explore this process by directly profiling nascent polypeptides, the relevant intermediates of translation. Such approaches will be essential to complement other approaches, including ribosome profiling, which is extremely powerful but indirect with respect to the actual translation processes. Here, we use the nascent polypeptide's chemical trait of having a covalently attached tRNA moiety to detect translation intermediates. In a case study, Escherichia coli SecA was shown to undergo nascent polypeptide-dependent translational pauses. We then carried out integrated in vivo and in vitro nascent chain profiling (iNP) to characterize 1,038 proteome members of E. coli that were encoded by the first quarter of the chromosome with respect to their propensities to accumulate polypeptidyl-tRNA intermediates. A majority of them indeed undergo single or multiple pauses, some occurring only in vitro, some occurring only in vivo, and some occurring both in vivo and in vitro. Thus, translational pausing can be intrinsically robust, subject to in vivo alleviation, or require in vivo reinforcement. Cytosolic and membrane proteins tend to experience different classes of pauses; membrane proteins often pause multiple times in vivo. We also note that the solubility of cytosolic proteins correlates with certain categories of pausing. Translational pausing is widespread and diverse in nature.
translation pausing | nascent polypeptides j Escherichia coli | peptidyl-tRNA B iosynthesis of each protein comprises the translational initiation, elongation, and termination processes. Repeated in the elongation phase are (i) elongation factor thermo unstable (EF-Tu)-mediated accommodation of a codon-specified aminoacyl-tRNA to the A-site of the ribosome; (ii) transpeptidation from the P-site polypeptidyl n -tRNA ("n" specifies the number of amino acid residues) to the A-site aminoacyl-tRNA; and (iii) translocation of the polypeptidyl n+1 -tRNA back to the P-site facilitated by elongation factor EF-G. The elongation phase continues for the time window that is determined by the polypeptide size and the step time of ribosome progression, 40-70 ms in bacteria (1, 2) . However, nascent chain elongation does not necessarily proceed at a uniform speed through completion, and we still lack precise knowledge about the local elongation speed of individual proteins.
It is known that the elongation process can be subject to a range of local fluctuations, from a temporary pause to a prolonged stall, to which the elements in both mRNA and the nascent polypeptide contribute. The mRNA elements include the rarity of codons in relation to the abundance of the corresponding tRNA, the mode of codon-anticodon paring, and the structured regions (1, (3) (4) (5) . However, it was proposed recently, on the basis of the results of ribosome profiling experiments, that in bacteria, Shine-Dalgarno (SD)-like sequences within coding regions are the primary determinants of translational pausing (6) . Features of a nascent polypeptide also can modulate translation progression. Segments of amino acid sequences containing two or three consecutive proline residues of nascent polypeptides can lead to the pausing of elongation beyond them, although the pausing is largely alleviated by the action of a specialized elongation factor, EF-P, in bacteria (7-9). More generally, a range of amino acid sequences is known to arrest specific steps of translation in a cis-specific manners (10) . They are integral parts of regulatory nascent polypeptides that monitor cellular physiology by undergoing regulated translational arrest (10, 11) . Arrest sequences interact with the ribosomal components at the peptidyl transferase center and/or the exit tunnel to interfere with the peptidyl transfer, translocation, or termination functions of the ribosome (12) (13) (14) (15) . They are diverse in length and primary sequences; translation arrest is either inducible with a specific small molecule or is intrinsic but is subject to release by a physical pulling force that is applied to the nascent chain (10, 16, 17) . Although SecM (secretion monitor protein), an intrinsic class of arrest peptide, robustly stalls the ribosome under Secpathway-compromised conditions in vivo, different single amino acid substitutions in its arrest sequence lead to different degrees of temporary pausing (18) . Thus, the amino acid sequences of nascent polypeptides can modulate the local elongation speed.
Detecting translational pausing in vivo is technically challenging. Pulse-chase measurements of the appearance of 35 S-methione radioactivity in the full-length polypeptide are useful for assessing overall translation speeds for long polypeptides or at low temperature (1, 19, 20) but are unable to provide information about intermediates states. In contrast, in the innovative ribosome-profiling technique (21) , ribosomal occupancy peaks along a single mRNA species are thought to reflect local ribosomal pausing with nucleotidelevel resolution. However, profiling outcomes could be affected by the binding of nontranslating ribosomes to certain regions of mRNA, isolation procedures and the stability of mRNA-ribosome
Significance
The synthesis of a protein takes tens of seconds to a few minutes, in which amino acids are polymerized linearly. Nonuniform progression of this elongation process is thought to be important for the subsequent fates of newly synthesized proteins. However, there have been few attempts to profile elongation intermediates, polypeptidyl-tRNAs, directly. Here we attempted to detect systematically the accumulation of tRNAlinked nascent chain intermediates during the translation of Escherichia coli proteins in vivo and in vitro. The results revealed the widespread occurrence of translational pausing in a manner correlated with the subcellular localization and solubility properties of proteins. Our in vivo/in vitro integrated nascent chain profiling provides groundwork information for our understanding of genetic message translation into functional proteins.
complexes, biased conversion of the mRNA fragments into complementary DNAs, and procedures for aligning the ribosomeprotected base sequences (9, (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . These considerations underscore the importance of profiling the translation progression directly. To do so, we must detect nascent polypeptides, which are ester-linked to a respective tRNA at the growing (C-terminal) ends.
We previously reported an electrophoretic method of detecting cellular nascent polypeptides (termed the "nascentome") (32). This method is based on the fact that the tRNA moiety of a polypeptidyl-tRNA retards the electrophoretic mobility in neutral pH SDS/PAGE by the equivalent of ∼18 kDa as compared with the polypeptide itself. In the present study, we used this principle to detect nascent chains of specific proteins. We thus carried out systematic profiling of nascent chain elongation in vivo and in vitro in parallel for the products of 1,038 Escherichia coli genes. This approach, termed "integrated in vivo/vitro nascent chain profiling" (iNP), revealed that a majority of the proteins underwent single or multiple pausing events, some of which took place only in vitro, only in vivo, or both in vitro and in vivo. We discuss the possible biological significance of the widely observed translational pausing.
Results
Elongation Profiling of a Specific Protein by Subnascentome Analysis.
Previously, we devised a 2D electrophoretic method to display nascent polypeptide chains ("nascentome members") separately from translation-completed chains (32) . Removal of the tRNA from polypeptidyl-tRNAs after the first-dimension electrophoresis makes nascent polypeptides form a line below the main diagonal line in the second dimension. We extend this method to display growing polypeptides of a specific protein, which may be termed a "subnascentome," using the ASKA (a complete set of E. coli K-12 ORF archive) library of E. coli genes encoding N-terminally His 6 -tagged proteins (33) . A gene to be examined is induced briefly, and cells are pulse-labeled with [ 35 S]methionine, followed by Ni 2+ -affinity isolation of SDS-denatured polypeptide/ polypeptidyl-tRNA, which are subjected to the 2D separation. A translational pause at a prescribed position along the nascent chain will result in the formation of a radioactive spot well below the main diagonal, whereas continuous elongation would lead to a continuous or stepwise increase in radioactivity along the nascent polypeptide line. As a case study, we examined the biosynthesis of the protein export motor protein SecA by pulse-labeling the His 6 -SecA-expressing cells for 30 s at 20°C. Electrophoresis at neutral pH revealed a broad band (Fig. 1A, lanes 2-6) , which formed spots on the nascent polypeptide line but not on the main diagonal line upon the 2D separation (Fig. 1A, panel 11) . The polypeptidyl-tRNA species were observed irrespective of the induction lengths (2-10 min) (Fig. 1A, lanes 2-6) , suggesting that their production may not have been an overproduction artifact. They disappeared after a chase with unlabeled methionine, suggesting that they represented translation intermediates (Fig.  1A , lane 10 and panel 12). These results suggest that secA translation undergoes pausing.
iNP. The results with SecA described above prompted us to undertake systematic profiling of the elongation of E. coli proteins expressed from the ASKA library clones, which also allow in vitro transcription-translation using a common primer for template preparation (33) . The expression systems use the common promoters (the T7 promoter for in vitro expression and the T5 promoter-lac operator for in vivo expression) and the translation initiation region, from the SD sequence to the 17th codon, across different genes to ensure sufficient expression of all the target proteins. To handle multiple samples, we used RNase sensitivity to detect polypeptidyl-tRNA species. We improved electrophoretic resolution by using the WIDE-RANGE Gel system (Nacalai Tesque). To obtain integrated information on translation elongation, we carried out in vivo pulse-labeling and PURE (protein synthesis using recombinant elements) system in vitro translation (34) in parallel, using [ 35 S]methionine for detection. The in vitro reaction system, consisting of the purified translation components, allowed us to follow translation in the absence of cellularmodulating elements. We include tests of puromycin sensitivity to decipher whether in vitro translation intermediates, if any, have been produced because of ribosomal dysfunction (35, 36) . For in vivo analysis, we used the standard growth temperature of 37°C and a brief induction time of the target gene to minimize artifacts of overproduction. We name this approach "in vivo/in vitro integrated nascent chain profiling" (iNP) (Figs. 1B and 2A ).
An iNP Case Study of SecA Translation. We applied the iNP procedures to characterize the pausing observed with SecA. In vivo experiments detected approximately four RNase-sensitive bands around the 25-kDa marker (Fig. 1B, lanes 4 and 5) . In vitro translation also yielded four RNase-sensitive bands (Fig. 1B, lanes  1 vs. 4) . They resisted puromycin (Fig. 1B, lane 2) . Segmentspecific frameshift mutations showed that the pausing required the SecA segment of amino acids 31-50 (the tag sequence was not counted) (Fig. 1C , Upper, lanes 3 and 7) but not its downstream region (Fig. 1C , Upper, lanes 5 and 9). Stop codon placement at the 41st secA codon, but not at the 46th codon, abolished the pausing (Fig. 1C, Lower) . Thus, the pausing events depend on the amino acid, rather than on the nucleotide, sequence upstream of the 45th residue of SecA. Toeprint analysis of the in vitro translation complex detected that the stalled ribosome interfered with two major and two minor products of primer extension (Fig. 1D) ; this interference was abolished by the frame-shift mutation (FS31-50). The secA translating ribosome stalls when its A-site encounters the 43rd (pause 1), 44th (pause 2), 45th (pause 3), or 46th (pause 4) codon of secA (Fig.  1E) . The discovery of the nascent polypeptide-dependent pausing in SecA translation demonstrated the effectiveness of the iNP approach in studying translation of E. coli genes.
Systematic iNP Analysis of E. coli Proteins Encoded by the First Quarter of the Genome. We undertook systematic iNP analysis of E. coli proteins ( Fig. 2A) by choosing, as an unbiased but tractable number of targets, the clones in plates 1-14 (JW0001-JW1750) (see Fig.  2B and Dataset S1 for details) of the ASKA library (www.shigen. nig.ac.jp/ecoli/strain/request/uponPublication.jsp), which are aligned largely according to the E. coli (W3110) linkage map (37) . Among them, 1,038 genes gave translation products of expected sizes both in vitro and in vivo. In the autoradiographic images, common background bands were recognized, including the ∼18-kDa band of 35 S-methionyl-tRNA in the in vitro samples (Met; Figs. 1B and 2 C-F) and in the three bands in the in vivo samples indicated in these figures by asterisks. Some representative single-site pausing patterns are presented in Fig. 2 C-F. Translation of SecM yielded almost exclusively an RNase-sensitive band both in vitro (Fig. 2F , lanes 1 and 2) and in vivo (Fig. 2F, lane 4) . FliF translation yielded an RNase-sensitive and puromycin-resistant band in vitro (Fig. 2C, lanes 1 and 2, arrow) but not in vivo (Fig. 2C, lane  4) . Conversely, StfQ produced an RNase-sensitive band in vivo (Fig. 2D , lanes 4 and 5) but not in vitro (Fig. 2D, lane 1) . AraA produced an RNase-sensitive band both in vitro (Fig. 2E , lanes 1 and 2) and in vivo (Fig. 2E, lane 4) .
Assuming that an RNase-sensitive band represents a single event of translational pausing, we detected 2,984 pauses in vitro in 912 genes and 2,541 pauses in vivo in 850 genes ( Fig. 3 A and B and Dataset S2). There were 969 in vitro-specific pauses (class 1 pausing), 526 in vivo-specific pauses (class 2 pausing), and 2,015 pauses that appeared to have occurred at the same sites both in vitro and in vivo (class 3 pausing, observed in 75% of the genes). The estimated total number of pausing events was 3,510 among the 1,038 genes examined. Only 71 genes proved to be translated without any pause. On average, each gene contains 2.87 in vitro pausing sites and 2.45 in vivo pausing sites (Fig. 3B) . These results reveal that E. coli genes are indeed translated with frequent pausing events.
We quantified the intensity of RNase-sensitive materials as an indication of pausing strength, as described in Materials and Methods ( Fig. S1 and Dataset S2). Fig. 3C shows a 2D histogram of the in vivo and in vitro pausing strengths. The pausing in SecM was the strongest in vitro and in vivo, although the in vivo value for SecM must have been overestimated for two reasons: (i) the arrest-released and exported SecM molecules are rapidly degraded in the periplasm (38) , and (ii) the use of the N-terminal His 6 tag precludes detection of the signal sequence-processed molecules that are expected to be generated upon release from the elongation arrested state (18, 39) . The average pausing strength (%) was 17.0% in vitro and 16.7% in vivo, placing SecM, with an in vitro value of 90%, at the high end; a majority of the pausing events seem to be transient and weaker than the translation arrest of SecM. Although the sites of pausing show a wide overall distribution relative to the full-length coding regions, some distinct tendencies can be noted for the different classes of pausing (Fig. 3D ). Class 1 pauses frequently occur at regions closer to the N-terminal ends. In contrast, class 3 pausing events frequently occur toward the C-terminal ends. Class 2 pausing occurs somewhat less frequently toward the N-terminal regions.
Puromycin Resistance of the in Vitro Pause Products. Puromycin resistance suggests that the ribosomal function somehow has been impaired, as shown for the elongation arrest by SecM (Fig. 2F ) (35) , whereas puromycin-sensitive polypeptidyl-tRNA could be produced upon a message truncation, limitation in the supply of an aminoacyl-tRNA, or other causes. Among the 2,984 pausing . Labeled His 6 -SecA species were affinity isolated, resolved by 1D (lanes 1-10) and 2D (panels 11 and 12) Nu-PAGE electrophoresis (32) , and visualized by phosphorimaging. Translationcompleted SecA (His 6 -SecA), elongation intermediates (His 6 -SecA'-tRNA; lanes 2-6 and 9) and the polypeptide moieties of the intermediates (His 6 -SecA', panel 11) are indicated. b.g, background signal. (B) iNP analysis of SecA. His 6 -SecA was synthesized in vitro (lane 1), followed by treatment with puromycin as indicated (PM, lanes 2 and 3). In parallel, the same protein was induced briefly in vivo, pulse-labeled, and affinity-isolated (lanes 4 and 5). Labeled protein species were separated by WIDE RANGE Gel electrophoresis after optional treatment with RNase A (RN, lanes 3 and 5). Radioactive bands representing polypeptidyl-tRNA intermediates are indicated by arrows. CC, translation-completed SecA (completed chain); Met, methionyl-tRNA; *background signal. (C) Mutational effects on the production of the elongation intermediates of SecA. In vitro transcription-translation using the PURE system was directed by the DNA template of His 6 -SecA (lanes 1, 2, 11, and 12), its frame-shifted mutants (lanes 3-10, indicated by residue numbers specifying the target segments), and its amber mutants (lanes 13-22, indicated by residue numbers specifying the sites of amber codon introduction). RNase A-treated (+) and untreated (−) samples were electrophoresed. Arrows indicate the RNase-sensitive intermediates of SecA. (D) Toeprint analysis of ribosomal stalling on secA. Coupled transcription-translation was directed by the secA (lanes 1 and 2) and the frame-shifted (FS31-50; lanes 3 and 4) templates in the presence or absence of 100 μg/mL chloramphenicol (Cm). Reaction mixtures then were subjected to reverse transcription using a downstream fluorescent primer. Dideoxy sequencing reactions also were primed with the same primer (lanes A, C, G, and T). (E) Schematic illustrations of the major sites of ribosome stalling on the secA mRNA. The points of reverse transcription interference are indicated by arrows, and the ribosomal occupancies are shown by the A-site (A) and P-site (P) codons. signals detected in vitro, 964 were highly sensitive to puromycin, with signal intensity decreasing to 10% or less. The remainder, collectively referred to as "puromycin-resistant pauses" (Pm R ), exhibited varying degrees of resistance (10% and more); these signals included those representing 86% of the class 1 pauses and 59% of the class 3 pauses (Fig. 4A) , including the pausing observed with SecA (Fig. 1B) . We note a tendency that the class 1 pauses show stronger resistance to puromycin than the class 3 pauses. Puromycin-sensitive pauses tend to occur more frequently toward the C-terminal regions (Fig. 4B) , class 1 puromycinresistant pauses are enriched toward the N termini, and the class 3 puromycin-resistant pauses are slightly enriched toward the C termini (Fig. 4B) . Within the class 3 category, puromycin-resistant pauses show a weak and negative correlation with the molecular masses of the proteins (Fig. 4C) , raising the possibility that they could be related to the folding of small proteins (40) . Finally, it should be noted that an in vitro-specific, short, puromycin-resistant polypeptidyl-tRNA could arise from peptidyl-tRNA drop-off (Discussion).
iNP Detection of Pausing That Is Mediated by Previously Proposed
Determinants. Consecutive proline residues serve as a major determinant of translational pausing (41) . The 1,038 genes examined contained 625 Pro-Pro sequences, 226 of which were followed or preceded by an amino acid in the form PPX (X = P, W, N, D, E, or G) or ZPP (Z = A, D, or G) that were reported to cause strong translation arrest in the absence of EF-P (9, 42-44). We inspected whether pausing signals were observed near the PP, PPX, and ZPP motifs as judged from the estimated molecular masses of the nascent polypeptides detected in vivo (Materials and Methods). The 625 PP motifs and 226 PPX-ZPP motifs gave, respectively, 299 and 138 pausing signals that were likely caused by the prolines (Fig. 5A) . Class 1 pauses and class 2 pauses are enriched and disfavored, respectively, in these signals, as is consistent with the facts that the PURE in vitro system did not contain EF-P, whereas the in vivo host was efp + . Class 3 pauses also occupied significant fractions (Fig. 5B) . We validated translational pausing of yaaX, having a G 72 PPPPPR 78 -coding sequence, by toeprint analysis of the in vitro translation complex directed by this gene. The ribosome translating yaaX stalls strongly (44) when its P-site encounters the Pro73 or the Pro74 codon (Fig. 5 C and D) . As expected, the in vivo pausing signals of yaaX (Fig. 5E ) and adrA (Fig. 5F ), having a PPP motif, were enhanced and stabilized in the Δefp strain. These results illustrate the ability of the iNP method to detect translational pausing faithfully in vitro and in vivo.
We also used a model system to examine the pausing propensity of short sequences of either nucleotides or amino acids that have been proposed to attenuate translation. We placed the sequences to be examined between the gene maa sequence (on the N-terminal side) and the LacZα sequence (on the C-terminal side) (Fig. S2A) . Translation of maa was pausing-free (Figs. S2A and S3B), as was the Maa-LacZα fusion protein (Fig. S2B ). Its derivative, having five consecutive prolines in the junction, produced a puromycin-resistant polypeptidyl-tRNA species in vitro but not in vivo (in the presence of EF-P) (Fig. S2C) . We next placed five CGC arginine codons in the junction to examine the effects of a positive charge cluster, a known pausing element in the eukaryotic systems (45) (46) (47) , without a significant accumulation of polypeptidyltRNAs (Fig. S2D) . In contrast, a rare codon cluster composed of five AGG Arg codons (48) did cause significant pausing (Fig. S2E) , which was puromycin-sensitive in vitro. The placement of neither 10 consecutive wobble-decoded codons (GCG and GGT) (Fig. S2F) , nor the pseudoknot-or stem-loop-forming sequences (5) (Fig.  S2 G and H) led to an appreciable accumulation of polypeptidyltRNAs. Finally, we placed an internal SD-like sequence but failed to detect any accumulation of a polypeptidyl-tRNA species in vitro or in vivo (Figs. S2I and S3 ). We did not detect any translation inhibitor-sensitive toeprint signal that can be ascribed to the inserted SD-like sequence (Fig. S3C) . We further examined the reported SD sequence-dependent translational pausing in the ompF gene (6) using the iNP method. The SD-disrupting mutation of ompF (6) did not affect the in vitro or the in vivo iNP results appreciably (Fig. S3D) . The in vitro results are consistent with a recent report that dismisses the elongation-delaying effects of SD-like sequences (2). The in vivo results also are in line with the recently published discussion on this subject (13, 30, 42, 49) . Taken together, the iNP method appears to be suitable for detecting translational pausing that is robust enough to lead to the accumulation of distinct polypeptidyl-tRNA species (see Discussion for further comparisons of the iNP and the ribosome-profiling results).
Translational Pausing in the Biogenesis of Membrane Proteins. We examined statistically whether the biosynthesis of proteins of different subcellular localizations involves different classes of pausing (Figs. 6 and 7) . Examinations of the amino acid composition of the translation products in relation to the number of pausing events (Fig. S4) indicate that multiple class 2 or class 3 puromycin-sensitive pauses are preferred by proteins with higher contents of hydrophobic amino acids (Fig. S4 , graphs 4 and 6) and aromatic amino acids (Fig. S4 , graphs 22 and 24) but are relatively disfavored by proteins rich in polar amino acids (Fig. S4, graphs 10, 12, 16, and 18) . The data analysis shown in Fig. 6 indicates that the inner membrane proteins (identified as "IMP" in Fig. 6A and as "membrane", "transporter," and "carrier" in Fig. S5 ) prefer class 2 (in vivo-only) and class 3 (in vivo and in vitro) pausing over class 1 (in vitro-only) pausing, in comparison with the cytosolic proteins (identified as "cytoplasmic" in Fig. 6A and as "regulator," "factor," "cell process," and "enzyme" in Fig. S5 ). Within the class 3 pausing categories, puromycin-sensitive pausing appears to be preferred by the membrane proteins, whereas puromycin-resistant class of pausing appears to be preferred by the cytosolic proteins. It is notable that some membrane proteins undergo strong class 2 or class 3 pausing at multiple sites; examples are presented in Fig. 6 B and C. Transmembrane (TM) abundance values (as a proportion of the number of TM amino acid residues in the protein) exhibited some positive correlation with the occurrence of class 3 puromycin-sensitive pauses and with a combination of class 3 puromycin-sensitive pauses and class 2 pauses but with not the puromycin-resistant subclass (Fig. 6D) . These results suggest that the translation of cytosolic proteins and that of membrane proteins are subject to different mechanisms of elongation modulation.
Translational Pausing in the Biogenesis of Cytosolic Proteins. We examined whether the pauses observed with cytosolic proteins correlate with the published information on the aggregation (Fig. 3D) . Histograms of different classes of pausing are presented. (C) Boxplot representation of possible relationships between the occurrence of class 3 pausing and protein sizes. The total class 3 pausing events (graph 1), the Pm R subpopulation (graph 2), and the Pm S subpopulation (graph 3) were analyzed for the number of pausing occurrence vs. the molecular masses of the full-length polypeptides. Values of Spearman's rank correlation coefficient (ρ) and P value between molecular weight and pausing occurrence are given in each graph.
propensity of E. coli proteins translated in vitro in the absence of molecular chaperones (50) . The E. coli proteins in general (50) and those analyzed here (Fig. 7B) exhibit bimodal solubility distributions. In contrast, proteins undergoing class 3 pauses and those undergoing multiple (four or more) and strong puromycinresistant pauses (Pm R *; resistance ≥50%) tend to have higher solubility (Fig. 7) . The subclass that exhibited multiple puromycinresistant, class 3 pausing included a larger proportion of proteins that formed the higher solubility peak [solubility(class 3 Pm R * pauses ≥4) against solubility(cytoplasmic): P = 0.004995; Welch's t test] (Fig. 7B) . In contrast, the proteins with puromycin-sensitive pausing did not form the high solubility peak [solubility(class 3 Pm S * pauses ≥4) against solubility(cytoplasmic): P = 0.1418]. These results raise an intriguing possibility that a class of translational pausing is related to facilitated spontaneous folding of some proteins (50, 51) .
Discussion
We profiled translation elongation of the E. coli proteome members by directly detecting the intermediates, polypeptidyl-tRNAs, and showed that translation indeed proceeds with a high incidence of pausing. Importantly, the iNP procedures examine in vitro and in vivo translation in parallel to illuminate translation as an elementary process carried out by the basic translation machinery (in vitro) as well as to profile translation orchestrated with cellular factors (in vivo). Among the 1,038 E. coli genes examined, as many as ∼88% and 82% are translated with one or more events of pausing in vitro and in vivo, respectively, leaving only 71 genes without any pausing detectable by iNP. SecM exhibited the strongest translation arrest in vitro and in the sec + cell, although the strength of the arrest in vivo may have been overestimated (Results). We can safely conclude that a majority of the pausing events we detected were much weaker than the robust arrest of SecM in the Secpathway-compromised cells. Our approach will complement higher throughput and higher resolution analyses (21, 27) , which nevertheless could be indirect (see the Introduction).
We note that global comparison of our data with those of the ribosome-profiling experiments is difficult at this stage because of the limited positional resolution inherent in the iNP approach and the low expression levels of a number of genes in the ribosomeprofiling experiments (6) . Nevertheless, we selected several genes to compare their iNP and the ribosome-profiling results individually (Fig. S6) . Within the limited number of genes examined, possible correlations between the two methodologies were notable only for the pause in secM (Fig. S6C) , the proline-related pause in yaaX (Fig. S6B) , and the multisite pauses in cyoC (Fig.  S6D) . Remarkably, none of the ribosome-profiling peaks that could be ascribed to an internal SD-like sequence proved to have a corresponding peak of polypeptidyl-tRNA in the iNP data (Fig.  S6 F-H) . The transient pausing we detected still may be stronger than the local slowing down of translation caused by internal SD sequences, the major pausing determinants that ribosome-profiling experiments had suggested in E. coli (6) . It seems that SD-mediated translation attenuation, if any, is too weak (2) or unfocused (26) to be detectable by the iNP procedures. Alternatively, the increased stability of the mRNA-ribosome complexes against nuclease digestion could account for the ribosome profiling read-outs near the SD-like sequences (49) .
In contrast, an array of a rare AGG codon did lead to significant translational pausing in vivo and in vitro, although trans-translation (52) may have acted to unmask the effect in vivo. Although the use of standardized transcription and translation initiation strengths across different genes was inevitable at this stage of analysis, it remains to be investigated whether initiation frequency affects pause strength. A majority of the in vitro pausing intermediates resisted puromycin, pointing to the involvement of specific mechanisms that led to ribosomal dysfunction. We have shown that the newly discovered pausing in SecA translation is determined by a specific amino acid sequence of the nascent SecA chain. We anticipate the widespread occurrence of nascent polypeptide-mediated pausing.
Our integrated in vivo and in vitro approach revealed the occurrence of distinct classes of pausing. In vitro-only (class 1) pausing can be explained by assuming that some factor that overcomes pausing is operative in the cell. A known example is EF-P, which overcomes polyproline-mediated translational pausing, as confirmed here by our iNP approach. Also, a pausing-release mechanism, conceptually similar to the one known for the arrest release of SecM, could be responsible. It should be noted, however, that peptidyl-tRNA drop-off (53) also could explain some of the class 1 events. In such cases polypeptidyl-tRNAs already have been dissociated from the translation machinery and, hence, do not react with puromycin. In vivo, their tRNA moieties will be removed by the cytosolic peptidyl-tRNA hydrolase (54), preventing their detection by iNP. Incidentally, we note a tendency for class 1 events to take place preferentially at the N-terminal regions. Peptidyl-tRNA drop-off typically occurs very early in translation (55) .
In vivo-only (class 2) pausing may require some pausingenhancing factors in the cell, a known example being the signal recognition particle (SRP) in eukaryotic cells (56) . It is of prime interest to identify any such factors in E. coli and to elucidate the mechanisms of action and physiological roles. Interestingly, we found that class 3 pausing frequently occurs at C-terminal regions. The puromycin-resistant subclass has a tendency to occur in small proteins. An intriguing possibility might be that such a class of pausing gives single-domain proteins time to fold cotranslationally (40) , although the same may hold for domain-wise folding of larger proteins.
Our statistical analyses suggest that membrane proteins and cytosolic proteins have different probabilities of undergoing different types of pausing. Membrane proteins prefer class 2 or class 3 puromycin-sensitive pausing. Such pauses could facilitate an integration of hydrophobic segments into the lipid bilayer. It was proposed recently that internal SD-like nucleotide sequences are strategically placed within the E. coli membrane protein-coding sequences to pause translation and thereby facilitate cotranslational recognition of the membrane integration signals by SRP (57). However, given our failure to recapitulate SD-mediated translational pausing, we assume that the pausing events we observed for membrane proteins are unrelated to the pausing elements proposed by Fluman et al. (57) . The multiple occurrences of the TM segments correlate, albeit weakly, with the occurrence of class 3 puromycin-sensitive pauses and class 2 pauses. Further indepth studies will be required to elucidate whether such combinations of pauses have any role in the formation of the correct arrangements of TM segments. In cytosolic proteins the occurrence of puromycin-resistant pausing correlates with the high solubility indexes previously determined for E. coli proteins. These pauses may coordinate spontaneous folding during translation.
However, any correlation between a particular class of proteins and a single mechanism of pausing is not overwhelmingly strong. This weak correlation seems to suggest that multiple mechanisms of pausing are actually used in combination. This notion seems reasonable because pausing determinants must be compatible with the functional structures of the final protein, so that different proteins must rely on different compatibility principles.
Our experiments at this stage use individually cloned ASKA library genes. The use of a brief induction makes it unlikely that translation features have been altered artificially by overproduction (Results). However, we anticipate that, to study translation of multisubunit proteins, it may be necessary to coexpress multiple cistrons in the cis configuration (58) . SecA is physiologically translated from secM-secA mRNA, in which the upstream secM could affect the folding behavior of the nascent SecA chain (59); therefore it may be necessary to express secA in the presence of cis-expressed secM to study the secA translational pausing further. Intramolecular interplays also should be addressed, because nascent chain folding can affect translation processes (17) . The present study shows that we have only started to gain precise knowledge about how individual proteins are translated with temporal fine-tuning.
Materials and Methods
E. coli Strains, Plasmids, and Primers. The E. coli strains, plasmids, and primers used in this study are listed in Tables S1-S3 , respectively. The ASKA gene library on a vector pCA24N (33) was obtained from National Institute of Genetics (NIG), Japan. To construct pCY735, a DNA fragment amplified by PCR from a template pTWV228 using primers PE12 and PE13 and a DNA fragment amplified from pCA24N-maa using primers PE14 and PE15 were assembled by Gibson assembly (60). pCY718 and pCY722 were constructed by site-directed mutagenesis (61) using pCA24N-secA as a template and mutagenic primers PE04 and PE01, respectively. pCY719 and pCY720 were constructed by sitedirected mutagenesis using pCY718 as a template and mutagenic primers PE02 and PE05, respectively. pCY724 and pCY725 were constructed by site-directed mutagenesis using pCY722 as a template and mutagenic primers PE04 and PE03, respectively. pCY741 was constructed by cloning a duplex of PE22 and PE23 into KpnI-SphI-digested pCY735. pCY864 was constructed by cloning a duplex of PE24 and PE25 into KpnI-SphI-digested pCY735. Other plasmids were constructed by single or two oligonucleotides-based site-directed mutagenesis using the mutagenic primer(s) listed in Table S3 and the appropriate parental plasmid as the template for mutagenic PCR.
iNP.
Quality check of the ASKA library genes of E. coli and preparation of templates for in vitro transcription-translation. Derivatives of the E. coli AG1 strain harboring each of the ASKA library clones were obtained from the National Institute of Genetics (NIG), Japan. In vivo expression of each gene was directed by the T5 promoter-lac operator for transcription and the common sequence from the SD element to the 17th codon for translation. Cells were inoculated into LB supplemented with 20 μg/mL of chloramphenicol. After overnight culture, plasmids were purified individually using the QIAprep Spin Miniprep Kit (Qiagen). DNA templates for in vitro transcription/translation were individually amplified by PCR using the common primers, primer 1 and primer 3, which attached the T7 promoter to the 5′ site. We examined the 96-well plates numbered 1-14 distributed from NIG and successfully recovered the 1,038 genes that are listed in Dataset S1 along with the dataset of translational pauses obtained in this study.
Cell-free translation in the reconstituted reaction system. The PURE system (34)-coupled transcription-translation reaction (PUREfrex 1.0; GeneFrontier) was performed in the presence of [ 35 S]methionine at 37°C for 30 min using the DNA templates described above. One-third of the reaction mixture was mixed with an excess volume of 5% trichloroacetic acid (TCA) to stop reactions and was kept on ice. The remainder was treated with 1 mg/mL of puromycin at 37°C for 5 min and subsequently was mixed with 5% TCA. After standing on ice for 10 min or more, samples were centrifuged for 3 min at 4°C, and supernatant was discarded by aspiration. Precipitates were washed with 0.9 mL of acetone by vigorous mixing, centrifuged again, and dissolved in SDS sample buffer [62.5 mM Tris·HCl (pH 6.8), 2% SDS, 10% glycerol, 50 mM DTT] that had been supplemented with RNasecure (Ambion) by vortexing at room temperature. The puromycin-treated sample was divided into two portions, one of which was treated with 50 μg/mL of RNase A (Roche) at 37°C for 30 min.
In vivo profiling of polypeptidyl-tRNAs. E. coli cells harboring a plasmid encoding a His 6 -tagged protein were precultured overnight at 37°C (for iNP experiments) or at 20°C (for the initial subnascentome experiments) in M9 medium (62) supplemented with amino acids (20 μg/mL each, other than methionine and cysteine), 50 μg/mL of thiamine, 0.4% glycerol, and 20 μg/mL chloramphenicol and then were inoculated into the same medium to make the initial turbidity of A 660 = 0.1. Cells were grown at the same temperature until an early exponential phase (A 660 = 0.25-0.3). A 0.1-mL portion of the culture was induced with 2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 10 min to express the cloned gene, followed by protein pulse-labeling with 3.7 MBq/mL of [ 35 S]methionine (PerkinElmer) for 0.5 min. When indicated, chase was initiated by adding unlabeled L-methionine to a final concentration of 200 μg/mL. Upon sampling, labeled culture was mixed directly with an equal volume of 10% TCA to stop any biological reactions and to precipitate macromolecules. After standing on ice for 15 min or more, samples were centrifuged for 3 min at 4°C, and supernatant was discarded by aspiration. Precipitates were washed with 0. 250 mM imidazole] to elute bound His 6 proteins. The eluate was mixed with an equal volume of 2× SDS sample buffer [125 mM Tris·HCl (pH 6.8), 4% SDS, 20% glycerol, 100 mM DTT, treated with RNasecure] and divided into two portions, one of which was treated with 50 μg/mL of RNase A at 37°C for 30 min. SDS/PAGE under neutral pH conditions. Nascentome 2D gel electrophoresis was carried out as described previously (32) . In the experiments reported in Fig.  1A , 12% Nu-PAGE Bis-Tris gels were used with Mes-SDS running buffer (Life Technologies). Samples for the iNP analysis were electrophoresed using 11% WIDE Range Gel (Nacalai Tesque) according to the manufacturer's instructions. The gels were dried and exposed to phosphorimaging plates (Fuji Film). The intensity of radioactive bands was quantified using Multi Gauge software (Fuji Film).
Estimation of the Strength and Location of Translational Pausing. Multi Gauge software (Fuji Film) was used to quantify the signal intensity of autoradiographic images. The intensities of bands in the in vitro iNP format (lanes 1-3 in Fig. 2 and Fig. S1 ) were divided by the maximum intensity value among the bands originating from the same translation reaction for easy normalization. The intensities of bands in the in vivo sample (lanes 4 and 5 in Fig. 2 and Fig. S1 ) were evaluated similarly. RNase-sensitive signals, which represent polypeptidyl-tRNAs, were estimated by subtracting the autoradiographic profile after RNase treatment (in vitro, lane 3 and in vivo, lane 5 in Fig. 2 and Fig. S1 ) from that of untreated sample (in vitro, lane 1 and in vivo, lane 4 in Fig. 2 and Fig. S1 ). The intensity of a puromycin-resistant polypeptidyltRNA was calculated similarly by subtracting the autoradiographic profile of the RNase-treated sample (lane 3 in Fig. 2 and Fig. S1 ) from that of the puromycintreated sample (lane 2 in Fig. 2 and Fig. S1 ). The intensity of an RNasesensitive signal relative to the highest-intensity signal originating from the same translation reaction or pulse-labeling (see above) was taken as the pause strength, which was expressed in 5% increments (0, 5, 15, . . ., 95, and 100%) in . To identify translation pauses that are likely caused by the PP/PPX/ZPP motifs, the relative position of the PP/PPX/ ZPP motifs within each ORF was calculated by the following formula: PP site = the first amino acid residue number of PP/PPX/ZPP motif/number of amino acids of the full-length chain. A translational pause whose pausing site value does not deviate by more than ±0.05 from the PP site value is assumed to be caused by the PP/PPX /ZPP motif.
Data Quality Check. We focused our analysis on genes that gave reliable patterns of translation by excluding those genes whose in vitro and in vivo product sizes mutually disagreed or deviated by more than 100% from the theoretical sequence-based values. Also, we disregarded polypeptidyl-tRNA signals with an apparent MW <21 kDa (note that tRNA occupies an equivalent of ∼18 kDa), to eliminate possible contributions from the extra sequence introduced in the library construction, including the His 6 -tag attached to the native N termini. Some of the signal intensity datasets contained saturated signals (Dataset S2). We omitted these potentially overestimated signals from the analysis shown in Fig. 3C , but they were included as class 3 pausing in the in vitro-in vivo comparison shown in Fig. 5B . Datasets with a pausing site value >1.0 (beyond the stop codon) were omitted from the pausing site assignments shown in Figs. 3D and 4B . The positions of the genes on the E. coli chromosomal map and the amino acid sequences of their products were obtained from the PEC (Profiling of Escherichia coli chromosome) database (www.shigen.nig.ac.jp/ecoli/pec/). Subcellular locations and gene product features were obtained from GenoBase (63) (ecoli.naist.jp/GB/). TM assignments of the E. coli proteome members were based on the prediction by the TMHMM server v. 2.0 (64) (www.cbs.dtu.dk/services/TMHMM/). The dataset for the solubility information of E. coli proteins was obtained from eSOL (Solubility database of all E. coli proteins) (50) (www.tanpaku.org/tp-esol/ index.php?lang=en). Statistical analyses were conducted using R software (65) (https://www.r-project.org).
Toeprint Analysis. Toeprint analysis was performed as described previously (36) with the following variations. The DNA template for in vitro translation of secA (using PURE System Classic) was amplified from pCA24N-secA or pCY725 using primers 1 and tp-secA212-rv. Template for yaaX translation (using PUREfrex 1.0) was amplified from pCA24N-yaaX using primers 1 and ASKA-tp Stop+10. Templates for translation of maa-lacZα and its variants (using PUREfrex 1.0) were amplified from pCY735, pCY739, and pCY740, respectively, using primers 1 and tp_pCY735stop+_rv. The translation complexes were immobilized with thiostrepton (100 μg/mL) and were subjected to reverse transcription using the primer pe-lacZ-N-rv that had been labeled with Alexa 647 at the 5′ terminus. To prepare negative control samples, chloramphenicol (100 μg/mL) was included in the translation mixture, as indicated. Dideoxy DNA sequencing samples were prepared using the Thermo Sequenase Primer Cycle Sequencing Kit (GE Healthcare) and the same templates and the primer used for toeprint analysis.
